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ABSTRACT 

The development of transmit beam offset and 

coarse acquisition equipment for the Laserloptics 

Techniques breadboard is described. In addition, 

preliminary acquisition and track simulation 

experiments carried out in the laboratory with 

the breadboard hardware are described. 
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This r e p o r t  d e s c r i b e s  work c a r r i e d  o u t  f o r  MSFC which extends the 

development of key hardware f o r  a deep-space o p t i c a l  communications system. 

I n  p a r t i c u l a r ,  a t r a n s m i t  beam o f f s e t  subsystem and a c o a r s e  a c q u i s i t i o n  sub- 

system have now been added t o  the  Laser/Optics Techniques breadboard (termed 

t h e  "laser te lescope" i n  t h i s  r e p o r t ) .  I n  a d d i t i o n ,  p re l imina ry  a c q u i s i t i o n  

and t r a c k  s i m u l a t i o n  experiments have been c a r r i e d  ou t  i n  t h e  l a b o r a t o r y  with 

t h e  breadboard hardware. 

I 

It w a s  o r i g i n a l l y  planned t h a t  t h e  t r a n s m i t  beam o f f s e t  subsystem 

would have the  s o l e  f u n c t i o n  of implementing the  t r a n s m i t t e r  point-ahead func- 

t i o n  r equ i r ed  f o r  Bradley e f f e c t  compensation. Subsequently,  i t  developed 

t h a t  t h e  same se rvo-con t ro l l ed  p a i r  of R i s l e y  prisms recommended f o r  t h i s  

purpose could a l s o  be employed as a means f o r  v e h i c l e - r o l l  ccmpensation. 

Indeed, a n a l y s i s  r evea led  t h a t  t h i s  a d d i t i o n a l  f u n c t i o n  could be c a r r i e d  o u t  

comparat ively e a s i l y .  A roll-compensation c a p a b i l i t y  was, t h e r e f o r e ,  designed 

i n t o  t h e  t r a n s m i t  beam o f f s e t  subsystem and i s  now incorpora t ed  as p a r t  of 

t he  breadboard. As a r e s u l t  t he  o v e r a l l  des ign  of t h e  laser t e l e scope  has 

been d e c i s i v e l y  s i m p l i f i e d .  

O p t i c a l  wedges were used wi th  a maximum n e t  o f f s e t  ( r e f e r r e d  t o  

the ou tpu t  of t h e  t e l e scope )  of 6 arc-seconds,  which corresponds t o  synchronous 

o r b i t  requirements .  It  w a s  found t h a t  t h e  magnitude of t h e  o f f s e t  could be 

'Perkin-Elmer Engineering Report No. 8387 (Laser /Optics  k h n i q u e s ,  
F i r s t  I n t e r i m  S u m r y  Report) .  

1-1 
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remotely ad jus ted  t o  b e t t e r  than 1/10 arc-second peak e r r o r .  

was found t h a t  t he  r o t a t i o n a l  coord ina te  about  the  l i n e  of s i g h t  could be 

remotely ad jus t ed  t o  an  accuracy apprec iab ly  b e t t e r  than needed t o  main ta in  

d i f f r a c t i o n - l i m i t e d  po in t ing  p r e c i s i o n .  Moreover, t h i s  accuracy  was found t o  

S i m i l a r l y ,  i t  

I 
1 
1 
B 

be maintained over a f u l l  360 degrees  of r o l l  about  t h e  l i n e  of s i g h t .  Thus, 

w i th in  t h e  bandwidth of t h e  servos ,  which i s  such t h a t  a r o l l  e r r o r  of less 

than 1 arc-minute r e s u l t s  f o r  a r o l l  r a t e  of 1 / 2  degree p e r  second, compensa- 

t i o n  f o r  s p a c e c r a f t  r o l l  i s  adequate ly  provided f o r  by t h i s  subsystem. 

I 
1 
1 

Although opera t ing  parameters  f o r  t h e  t r ansmi t  beam o f f s e t  sub- 

system were chosen on the  b a s i s  of t he  accuracy requirements  of a Laser  Communi- 

c a t i o n s  Sa te l l i t e  Experiment (LCSE) a t  a synchronous o r b i t ,  t he  des ign  i s  s t r a i g h t -  

forwardly adaptab le  t o  f u t u r e  deep-space a p p l i c a t i o n s .  

Basic s i m p l i c i t y  and r e l i a b i l i t y  were t h e  c h a r a c t e r i s t i c s  emphasized 

i n  t h e  development of t h e  coarse  a c q u i s i t i o n  subsystem f o r  t h e  breadboard.  The 

subsystem employs a p r e c i s i o n  o p t i c a l  element t h a t  f u n c t i o n s  a s  a combination 

f i e l d  l e n s / f i e l d  s p l i t t e r .  This  element d i v i d e s  t h e  1-degree coa r se  a c q u i s i t i o n  

f i e l d  i n t o  four segments and d i r e c t s  t h e  l i g h t  beam from each quadrant  on to  a 

s m a l l  c i r c u l a r  pa t ch  i n  t h e  r e s p e c t i v e  quadrant  i n  t h e  p lane  of a s u i t a b l e  de- 

t e c t o r .  

t h e  d e t e c t o r .  I t  func t ions  a s  would fou r  d i s t i n c t  p h o t o m u l t i p l i e r s  wi th  a 

mechanical chopper, bu t  accomplishes t h e  same th ing  wi th  fou r  photocathodes and 

a conmon dynode cha in  - a l l  conta ined  i n  a small package - with  t h e  a i d  of e l e c -  

t r o n i c  switching c i r c u i t r y .  

1 
! 
1 
1 

I n  the p r e s e n t  case, an  EMR quadrant  m u l t i p l i e r  phototube i s  used as 

1-2 
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The t r ansmi t  beam o f f s e t  and coa r se  a c q u i s i t i o n  subsystems are 

i d e n t i f i e d  i n  the schematic layout  of the e n t i r e  laser t e l e scope  shown i n  F ig -  

u r e  1-1 and i n  the photograph of the breadboard apparatus  shown i n  F igu re  1 - 2 .  

Laboratory experiments were c a r r i e d  o u t  t o  demonstrate beacon 

a c q u i s i t i o n  and p r e c i s i o n  p o i n t i n g  and t r ack ing  under cond i t ions  t h a t  s imula t e  

space ope ra t ion  of the l a s e r  t e l e scope .  The i n t e n t  w a s  f i r s t  t o  provide a 

v i s u a l  d i s p l a y  of t he  f r a c t i o n a l  arc-second ( 1/10 arc-second) t r a c k i n g  

accuracy of t h e  breadboard and, second, t o  i n v e s t i g a t e  t h e  s u i t a b i l i t y  of t h e  

equipment f o r  f u t u r e  ex tens ive  experiments t o  s imula t e  a c q u i s i t i o n ,  t r ack ing ,  

and p o i n t i n g  accu rac i e s  of an  LCSE s p a c e c r a f t .  

I n  t h e  l i g h t  of t h i s  most r e c e n t  phase of t h e  Laser /Optics  Tech- 

n iques  Program, i t  i s  recommended t h a t  f u t u r e  work proceed along t h e  follow- 

ing d i r e c t i o n s :  

1) Modify the  system t o  use a CO l a s e r  t r a n s m i t t e r  2 

( f o r  ope ra t ion  a t  10.6 microns) i n  a d d i t i o n  t o  the 

helium-neon l a s e r  t r a n s m i t t e r  c u r r e n t l y  being used. 

2) Perform dynamic l a b o r a t o r y  space s i m u l a t i o n  of 

a c q u i s i t i o n  t racking and po in t ing  maneuvers, 

i nc lud ing  " s t a t i o n  t r a n s f e r "  w i th  the  Laser /Optics  

Techniques breadboard appa ra tus .  

The outcome t h a t  we may expect  from such f u t u r e  work i s  ano the r  

s t e p  i n  demonstrating the f e a s i b i l i t y  of key hardware t h a t  can be c a l l e d  upon 

i n  the f u t u r e  f o r  use i n  a deep-space o p t i c a l  communication system. 

1-3  
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SECTION 11 

TRANSMIT BEAM OFFSET SUBSYSTEM 

2.1  GENERAL CONSIDERATIONS 

A d i f f r a c t i o n - l i m i t e d  o p t i c a l  communication t e l e s c o p e  must  be 

aimed extremely p r e c i s e l y .  From a r e c e p t i o n  s tandpoin t ,  p o i n t i n g  e r r o r s  

about t h e  l i n e  of s i g h t  should be l i m i t e d  so t h a t  t h e  f ie ld-of -v iew r e q u i r e -  

ments a r e  minimized. From t h e  t ransmiss ion  s tandpoin t ,  a p o i n t i n g  e r r o r  

exceeding h a l f  t h e  t e l e scope  r e s o l u t i o n  ( w 0.61 h/D) appears  t o  a d i s t a n t  

r e c e i v e r  a s  an apprec i ab le  reduct ion  i n  t r a n s m i t t e d  power. 

as t h e  "allowed p o i n t i n g  e r ror" ,  we n o t e  t h a t  t h i s  c o n s t r a i n t  is s t r i n g e n t  

and, f o r  example,requires  error l i m i t s  of &1/2 arc-second peak f o r  a r e l a t i v e l y  

smal l  a p e r t u r e  system (5- inch diameter)  ope ra t ing  i n  the  v i s i b l e  (Figure 2 - 1 ) .  

Defining 0.61 h/D 

In gene ra l  t h e r e  w i l l  always e x i s t  a f i n i t e  r e l a t i v e  t r a n s v e r s e  

v e l o c i t y ,  v, between a spaceborne l a s e r  t e l e s c o p e  and i t s  a s s o c i a t e d  ground 

s t a t i o n .  Because of t h i s , t h e  apparent beacon l i n e  of s i g h t  a s  seen by t h e  

s p a c e c r a f t  w i l l  d i f f e r  from t h e  c o r r e c t  aiming d i r e c t i o n  i f  t h e  t r a n s m i t t e d  

beam i s  t o  h i t  t h e  ground s t a t i o n  a t  o r  near  t h e  beacon (Figure 2-2) .  Assuming 

i n i t i a l  bo res igh t  alignment of t h e  t r a n s m i t  and r e c e i v e  l i n e s  of  s i g h t  by 
* 

t h e  t echn iques  d iscussed  i n  r e fe rence  1, t h e  magnitude of  t h e  o f f s e t  angle, 

2.v 8, away from t h i s  bo res igh t  r e fe rence  i s  g iven  simply by 8 = -  , where c 
C 

i s  t h e  v e l o c i t y  of l i g h t .  

3r 
*.tit., page 1-1 
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Figure 2-1.  Pointing Requirements 

Beacon 
Apparent 
Pos i t ion  

f F r a n z t t e r  

Vehicle 
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0 

For the  case of a 16-inch a p e r t u r e ,  6328A t e l e scope  a t  synchronous 

a l t i t u d e  and i n  communication with an e a r t h  s t a t i o n ,  the point-ahead ang le  

( 4 arc-seconds)  s o  g r e a t l y  exceeds the  t e l e s c o p e ' s  h a l f  r e s o l u t i o n  (0.2 

arc-seconds)  t h a t  some means of c o n t r o l l e d  p o i n t  ahead i s  r equ i r ed .  The 

s i t u a t i o n  i s  even worse f o r  a Martian probe where angu la r  d i f f e r e n c e s  of up 

t o  36 arc-seconds can be a n t i c i p a t e d .  

2 .1 .1  Accuracy Requirements 

For the  synchronous o r b i t  a p p l i c a t i o n  a s  shown i n  F igu res  2-3 and 

2-4, t h e  magnitude and d i r e c t i o n *  of the point-ahead ang le  must be implemented 

wi th  accu rac i e s  of about  

%A = 0.707 (0.2 arc-second) 0.14 arc-second 

( o r  3.5 percent  of 4 arc-seconds) 

and 
0.707 (0 .2  arc-second) degrees 

4 arc-seconds ABpA = 

r e s p e c t i v e l y ,  while t he  corresponding Mart ian probe requirements are approxi-  

mately 0.14 arc-second ( o r  0.39 percent  of 36 arc-seconds) and 13.5 arc- 

minutes.  

I n  e i t h e r  case,  t he  point-ahead information i s  s lowly varying and 

can be computed on the  ground and t r a n s m i t t e d  t o  the laser t e l e scope ,  which i s  

o r i e n t e d  t o  some known r o t a t i o n a l  r e f e r e n c e .  While t h i s  i s  f e a s i b l e ,  i t  i s  

p r e f e r a b l e  t o  avoid the a s soc ia t ed  t i g h t  r o l l  o r i e n t a t i o n  requirements .  Th i s  

i s  p o s s i b l e  if t h e  r o l l  pos i t i on ing  is  sensed and used t o  c o r r e c t  the p o i n t -  

ahead d i r e c t i o n  d a t a  as r ece ived  from e a r t h .  

c o r r e c t i o n  should n o t  be made a t  the e a r t h  s t a t i o n  ( i n  o rde r  t o  avoid on-board 

[ I t  should be noted t h a t  t h i s  

*. 1.e.; Ro ta t iona l  o r i e n t a t i o n  about t h e  l i n e  of s i g h t .  

2-3 
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equipment) s i n c e  the communication round- t r ip  t r a n s i t  time i s  comparable to ,  

o r  g r e a t e r  than, expected r o l l  error component p e r i o d s .  J 

2 .1 .2  Implementation 

A s u i t a b l e  implementation f o r  t r a n s m i t  beam o f f s e t  and r o l l  com- 

pensa t ion  inco rpora t e s  R i s l ey  p r i s m  o p t i c a l  elements f o r  t r ansmi t  beam c o n t r o l  

and a s o l a r  t r a c k e r  f o r  r o l l  e r r o r  sensing as d e p i c t e d  i n  F igu res  2-5 and 2-6. 

I n  operat ion,  t he  t e l e scope  i s  nominally o r i e n t e d  t o  a known a t t i t u d e  ( o r  

coord ina te  system) s o  t h a t  two commands computed on t h e  ground can c o r r e c t l y  

c o n t r o l  the s e p a r a t e  Ris ley p o s i t i o n s  and, so, p rope r ly  d i r e c t  t he  t r a n s m i t t e r  

l i n e  of s i g h t  (LOS). 

The a t t i t u d e  of t he  te lescope would be wi th  i t s  r e c e i v e r  LOS 

d i r e c t e d  towards the  ground s t a t i o n  and, i n  t h i s  case,  a r o l l  o r i e n t a t i o n  

d i r e c t i n g  i t s  r o l l  e r r o r  sensor  a t  the sun. (See F igu re  2 - 7 . )  The sun 

t r a c k e r  has a gimbal normal t o  the r e c e i v e r  LOS f o r  accommodating varying 

"sun - e a r t h - s t a t i o n "  ang le s  p l u s  an a x i s ,  para l le l  t o  the  LOS. 
@CJ 

The gimbal l ing s e r v o  c o n t r o l  arrangement i s  such t h a t  0 w i l l  
C 

s t a y  a t  a zero p o s i t i o n  i f  t he  te lescope i s  c o r r e c t l y  r o l l  o r i e n t e d .  E r r o r s  

i n  r o l l  o r i e n t a t i o n ,  on the  o t h e r  hand, cause coun te r  r o t a t i o n s  of t h e  6 

a x i s ,  which can t h e r e f o r e  be used t o  in t roduce  compensating motions i n t o  

both R i s l ey  c o n t r o l  servos i n  t h e  manner i n d i c a t e d .  

C 

The t r ansmi t  beam o f f s e t  subsystem as desc r ibed  c o n s i s t s  of a 

two-axis s e rvo -con t ro l l ed  gimballed s t a r  t r a c k e r ,  two digital-input-command 

2-5  
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Po in t  E r ro r  
S i g n a l s  t o  Line 
of S igh t  Cont ro l  
Servo 

Aligned Condit ion 

R i s l ey  P r i s m  Elements 
(Ground Cont ro l  l e d )  

Po in t  Ahead Angle = MPA 

Po in t  Ahead Condit ion 

F igure  2-5. Typica l  Common Opt ics  
Telescope Arrangement 
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Future  
Beacon 

Pos i t i  on 

-. ?!a\.. " \ . .-__ 
Sun 

MPA 
G 

Apparent . 

Beacon 
I 

P o s i t i o n  Reference 
D i r e c t i o n  

Figure 2-7.  R o l l  Reference Di rec t ion  Supplied by t h e  Sun 

to - sha f t - ang le  conve r t e r s ,  and two synchro type  se rvo  systems which c o n t r o l  

t h e  angular  p o s i t i o n s  of two Ris ley  prism elements .  

The t r a n s m i t  beam o f f s e t  subsystem cons t ruc t ed  f o r  t h e  s p e c i a l  

requirements  of t h e  Laser /Opt ics  Techniques Program c o n s i s t s  of two synchro- 

t ype  servos,  p lus  t h r e e  goniometers which manually s imula t e  t h e  synchro 

s h a f t  i n p u t s  normally provided by t h e  sun t r a c k e r  (0,) and two d i g i t a l -  

i n p u t  -to- s h a f t  -angle convert  er s. 

This  hardware, which c o n s i s t s  of a rack-mounted subassembly 

(F igure  2-8) and an o p t i c a l  subassembly (F igure  2-9), was designed t o  meet 

t h e  accuracy requirements  s t a t e d  p rev ious ly  f o r  t h e  16-inch communicator 

i n  synchronous o r b i t ,  h igher  accu rac i e s  being cons idered  a s  d e s i r a b l e  and 

s t r a i g h t f o r w a r d l y  a t t a i n a b l e  but  not  necessary  t o  demonstrate  approach 

f e a s i b i l i t y .  

2.2 TECHNICAL DISCUSSION OF TRANSMIT BEAM OFFSFT SUBSYSTEM 

2.2.1 Accuracy 

The precision o f  t r ansmi t  l i n e - o f - s i g h t  o f f s e t  c o n t r o l  a t t a i n e d  

by t h e  equipment can  be  p r e d i c t e d  f r o m  a c o n s i d e r a t i o n  of R i s l ey  pr ism a c t i o n  

2 -8 
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and element p o s i t i o n i n g  accuracy. The equat ion  r e l a t i n g  prism induced 

d e v i a t i o n  6 '  t o  element a p i c a l  angle a l a 2 a  and r e l a t i v e  angular  p o s i t i o n  

B is 

where $ is t aken  t o  be zero  f o r  t h e  cond i t ion  of zero  ne t  prism induced 

d e v i a t i o n .  

The two Ris ley  elements, however, d e v i a t e  co l l ima ted  t r a n s m i t t e r  

l i g h t  i n  t h e  o p t i c a l  system where t h e i r  combined 10-arc-minute d e v i a t i o n  

produces a 6-arc-second l ine -o f - s igh t  d e v i a t i o n  r e f e r r e d  t o  t e l e s c o p e  o b j e c t  

space.  

as 

The expres s ion  f o r  Ris ley  induced LOS d e v i a t i o n s  can t h u s  be expressed 

6 = 6 s i n  arc-seconds LV M s PA 

L e t  u s  now cons ider  t h i s  expression i n  l i g h t  of t h e  expected R i s l e y  se rvo  

e r r o r s  a s  t a b u l a t e d  i n  Table 2-1. 

I f  t h e  two Ri s l ey  prisms have equal  angular  e r r o r s ,  t h e n  t h e  

magnitude of t r ansmi t  beam o f f s e t ,  

of o f f s e t  BPA, w i l l  be i n  e r r o r ,  be,,, by e€ .  I f  t h e  two prisms, however, 

have angular  e r r o r  8 d i f f e r i n g  only i n  s ign ,  t hen  0 w i l l  be c o r r e c t  but 
€ PA 

MpA w i l l  be i n  e r r o r ,  i.e.: 

w i l l  be c o r r e c t  wh i l e  t h e  d i r e c t i o n  

s i n c e  A$ = 28 
€ 

2-11 
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TABLE 2-1. EXPECTED RISLEY SERVO ERRORS 
_. _-_- 

-___I - 

Source 

- . .. -. -.- - I-- 

Goniometer (CX) :k 

Synchro Transmitter, CX 

Goniometer (CDX) 'k 

r - I  

1 
1 Synchro Differential, CDX 

Servo Static Accuracy 

Synchro Transformer, CT 
.-.-I-.- - I-- I.-- 

i 
Sum of Absolute Errors 

Maximum Magnitude 
(Arc-Minut es ) 

37 

15.3 

> 

I 
i 

;k The goniometer can, by means of a vernier, be read to 1 arc-minute and the 
graduation accuracy is +15 arc-seconds. The anticipated + 1-114 arc- 
minute error was increased to 6 arc-minutes to more realistically approximate 
the errors which might be associated with the digital-input-command-to-shaft- 
angle converters and the star tracker inputs. 

I 

Hence, the 37-arc-minute absolute maximum error could produce either a maximum 

37 
60~57.3 

cos 0 = 0.0646 arc-second, or a maximum AepA = 37 arc- A $ A ~ f  6 

minutes. [At MpA = 4 arc-seconds, this represents a pointing error of 

1 %AAQPA = ( 4 )  37 
(57.3~60 

) = 0.043 arc-second. 

0.027 and %Aaf$pA = 0.018 %A = The RMS pointing errors expected are A 

arc-second. It is noteworthy that, for this application, the absolute maximum 

static errors are within the allowed error by a significant safety factor (>3). 

This means that a reasonable fraction of allowed error can be allotted 

for receiver LOS (or ground beacon tracking) errors which directly degrade 

2 -12 
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t r a n s m i t t e r  LOS accuracy. (Refer t o  F igure  2-10.) 

Dynamic e r r o r  components a r e  expected t o  cause n e g l i g i b l e  degra-  

d a t i o n s  s i n c e  t h e  se rvo  o f f e r s  a Ris ley element s lewing speed of 3 /4  r e v o l u t i o n  

p e r  second and a v e l o c i t y  cons tan t  of 30. 
* 

2.2.2 Hardware Desc r ip t ion  (Refer t o  F igure  2-11) 

The des ign  i s  convent ional  w i t h  t h e  synchro t ransformer  (CT) 

e r r o r  s i g n a l  ampl i f ied  by a nominal ga in  of 100 be fo re  being app l i ed  t o  t h e  

se rvo  motors. 

a m p l i f i e r  ga in  whi le  t h e  10-vol t  Zener d iodes  prevent  excess ive  a m p l i f i e r  input  

v o l t a g e s .  

s u p p l y  t r a n s i e n t s  whi le  t h e  2-microfarad c a p a c i t o r s  t une  t h e  motor l oads  t o  

nea r  u n i t y  power f a c t o r .  Veloci ty  feedback i s  inco rpora t ed  by connect ing 

t h e  CT and t h e  tachometer winding in s e r i e s .  F igure  2-12 i n d i c a t e s  t h e  

p h y s i c a l  l o c a t i o n  of t h e  t e rmina l  boards, connectors ,  test  p o i n t s  and p a r t s  

which a r e  shown i n  F igure  2-11.  

The 6.8K ohm and t h e  33K ohm r e s i s t o r s  t o g e t h e r  s e t  t h e  

The 68-vol t  Zener d iodes  provide  p r o t e c t i o n  a g a i n s t  p o s s i b l e  power 

The mechanical arrangement f e a t u r e s  a motor-to-CT geardown of 

118, being accomplished i n  two s t eps :  an i n t e g r a l  gearhead r educ t ion  of 10 

followed by an e x t e r n a l  p a i r  of gears  which a r e  s p r i n g  loaded t o  avoid p o s s i b l e  

i n s t a b i l i t i e s  due t o  excess ive  backlash.  Each CT and i t s  a s s o c i a t e d  p r i s m  

element a r e  d i r e c t l y  coupled t o  avoid gear ing  e r r o r s .  It should be noted 

t h a t  t h e  goal  i n  t h i s  i n s t a n c e  was to .demons t r a t e  t h e  f e a s i b i l i t y  of t h e  

approach. Therefore  e f f o r t s  t o  ob ta in  minimum s i z e ,  maximum accuracy, and 

* O u t  u t  Rate (degrees/second)  Veioc i ty  Constant m - 
Output error (degrees)  t o  main ta in  the  r a t e  

2 -13 
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smallest power consumption were not specifically emphasized. 

The optical and mechanical subassembly shown in Figure 2-9, 

could be considerably miniaturized by mounting small prism elements within 

larger diameter, high accuracy, hollow shaft CT units driven possibly by 

direct drive torquer motors (or small rim driving motors). 

2 . 2 . 3  Servo Design (Refer to Figure 2-13) 

The nominal closed loop response (CLB) of the minor loop including 

the amplifier and motor-tachometer is expressible as 

CLR 
m 

- - JS' + RS - - AKm 
2 JS + (R+AKmS)S nor 

1 +  

where J is the total inertia expressed at the motor shaft. The nominal closed 

loop response (CLR) of the major loop is now expressible as 

1 I x - x K  CLR 
N e  - minor - 
1 I x - x K  

CLR major 
+ CLaminor N p 

where N is the overall geardown (118), and K is the CT scale factor (23 ) P 

2-17 
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CLRma or  R'+AKmyT AK_K_ 2 * 9  L 
4- 

J = 2  '+  J JN 

S u b s t i t u t i n g  values,  i t  is found tha t  

and 

s i n c e  

wo = 
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2 
wO 

0 
3 t L  r" w s a o  L 

0 

5 iN"- rcrl, c r i t i c a l  damping r a t i o  
JK 4 -  - 2 

P 

R G A K K  m T  

The v e l o c i t y  cons t an t  can be es t imated  as fol lows:  

F u l l  speed a t  t h e  Risley prism (6000 rpm/ l l8  rn 5.3 rad ian /second)  

i s  produced wi th  a motor v o l t a g e  of 36 vac o r  an a m p l i f i e r  i npu t  of 0.36 vac.  

S ince  t h e  tachometer output w i l l  be 3.6 vac, t hen  t h e  CT v o l t a g e  must  be 3.6 

+ 0.36 L% 4 vac which corresponds t o  about 10 degrees = 0.175 r a d i a n  of e r r o r .  

The K is, therefore ,  5.3/0.175 or  30 second . -1 
V 

The s t a t i c  e r r o r  can be expected t o  run about 1 t o  2 v o l t s  i n  

terms of motor c o n t r o l  v o l t a g e  o r  about 15 mv a t  t h e  CT. Th i s  r e q u i r e s  about 

a 2 1/4 arc-minute s h a f t  o f f s e t .  

Another component of s t a t i c  e r r o r  a r i s e s  because of in-phase 

tachometer n u l l  vo l t age  but t h i s  is  not  expected t o  be g r e a t e r  than  about 

15 mv. Hence a t o t a l  s t a t i c  e r r o r  of approximately 4 arc-minutes  could be 

a n t i c i p a t e d  a t  each CT s h a f t .  

2 -19 
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2.2 .4  Measured Resul t s  

2.2 .4 .1  E l e c t r i c a l  

The measured r e s u l t s  a r e  summarized i n  Table  2 - 2 .  The e l e c t r i c a l  

performance i s  nominally a s  expected. 

2.2.4.2 Opt ica l  

The o p t i c a l  accuracy of t h e  t r ansmi t  beam o f f s e t  subsystem was 

measured w i t h  a high p r e c i s i o n  two-axis au toco l l ima to r  p r i o r  t o  i n c o r p o r a t i o n  

i n t o  t h e  breadboard. It should be noted t h a t  i n  t h e  breadboard t h e  o p t i c a l  

system s e r v e s  t o  demagnify, by a f a c t o r  of 100, t h e  magnitsde, 

angular  d e v i a t i o n  in t roduced  by t h i s  subsystem a lone .  However, any r o l l  

angle, BPk, t h a t  it may in t roduce  about t h e  l i n e  of s i g h t  is independent of 

t h e  r e s t  of t h e  o p t i c a l  system. 

o f  any 

The p r e c i s i o n  p a i r  of R i s l ey  p r i s m s  was designed f o r  a maximum 

d e v i a t i o n  angle  of nominally 6 a r c - s e c o n d s r e f e r r e d t o  t h e  output  of t h e  

t e l e scope  o r  10 arc-minutes  f o r  t h e  t r ansmi t  beam o f f s e t  subsystem a lone .  

The goniometers t h a t  c o n t r o l  each pr ism element s e p a r a t e l y  were 

The t h i r d  goniometer, ad jus t ed  t o  produce maximum d e v i a t i o n  by t h e  p r i s m s .  

which s e r v e s  t o  e l e c t r i c a l l y  gang t h e  i n d i v i d u a l  Servos f o r  r o l l  compensation, 

was then  r o t a t e d  by 10-degree increments  and t h e  r e s u l t i n g  magnitude and 

d i r e c t i o n  of t h e  d e v i a t i o n  angle  were measured w i t h  t h e  au toco l l ima to r .  

(The goniometers were s u f f i c i e n t l y  a c c u r a t e  i n  t h i s  ca se  so a s  not  t o  a f f e c t  

t h e  accuracy of t h e  o p t i c a l  measurements.) 

measurements a r e  summarized i n  Table  2 - 3 .  

The r e s u l t s  of one such s e t  of  

2 -20 
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BLE 2-2. SUMMARY OF ELECTRICAL, MEASUREMENTS 

PARAMETER 

1) Synchro Sca le  Fac tor  (vo l t s /deg ree  

Est imated Average'k* (vol t s /degree)  

2)  S t i c t i o n  Er ro r  

2.1) Maximum Observed Amplif ier  
Input  In-phase Error  S igna l  
(mv rms) 

2.2) CT Shaf t  Equivalent  Angular 
Er ror  (arc-minutes) 

3)  Tachometer Induced S t a t i c  Er ror  

3.1) Maximum Observed Tachometer 
N u l l  In-phase Output Voltage 
(mv rms) 

3.2) CT Sha f t  Equiva len t  Angular 
E r r o r  (arc-minutes)  

4)  Maximum Observed Motor Voltage a t  
Nul l  ( v o l t s  rms) 

5) 400-cps Amplif ier  Gain 

5.1) Input  S igna l  Required f o r  15- 
v o l t  Output (mv rrns) 

5.2) Gain (v/v) 

.OW ER'k 
SERVO 

O.32v/l0 

0.66v/2 " 

1.2 1 4 4  " 

- 

0.3 v / "  

40 

7.5 

12 

2.2 

3.2 

160 

94 

UPPER;< 
SERVO 

0.30v/1° 

0.64v/2 O 

1.4v/4" 

0.35 v / "  

26 

4.9 

14 

2.6 

1.9 

150 

100 

EXPECTED 

0 .4v / l  " 

0.8v/2" 

1.6v/4 " 

0.4 v / "  

15 

2 1 /4  

15 

2 1/4 

5 

150 

100 

;k The Lower Servo u t i l i z e s  test point  f l  
The Upper Servo u t i l i z e s  t e s t  point  #3 

;k* Since t h e  synchro s c a l e  f a c t o r s  were l e s s  t han  nominal (0.4 v / " ) ,  t h e  a m p l i f i e r  
ga ins  were t r i m e d  upwards, a f t e r  t h e  above measurements, t o  o b t a i n  nominal 
loop g a i n  c h a r a c t e r i s t i c s .  
l e l e d  wi th  82K ohm (lower servo) and 180K ohm (upper se rvo )  r e s i s t o r s  t o  
accomplish t h e  g a i n  i n c r e a s e s .  The t h e o r e t i c a l  r e s i s t a n c e s  r equ i r ed  were 
c a l c u l a t e d  a s  79K ohm and 194K ohm, r e s p e c t i v e l y .  

The se rvo  33K ohm inpu t  r e s i s t o r s  were p a r a l -  
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PERKIN-ELMER 

rn 
k 5  
O O a J  

I-- ! 

a 
aJ 
U 
0 
aJ 

w ft 

a 
aJ 
k 
5 
rn 
a 
3 

Lc 
aJ 
U 
aJ 
E m 
k 
m 
$4 

I 
0 

rn 
aJ 
0) 
k 
M 
aJ a 
hl 
+I 

vl 
aJ 
U 

4 

c) 
Lc a 

Q\ 
+I 

a 
B 

d 
CD 

a 
d 
M c a 

d 
d 
0 
k 

a 
aJ 
k 
3 
VJ 
a 

- - 

- 

: 
W 
0 

a 
k 
5 
4J 
k a a 
0) a 

B 
2 -22 

Report No. 8631 

m i J  
k 

+I a 

* a  a w c  
0 0  

c) 
eaJ 
h r n  
* I  
0 0  

k 
+I rd 

w 
0 

f 
aJ a 
5 
U 
4 
C 
M a 
6 

W 
0 

g 

ti 

4 
U 
a 
4 

a 

3 
8 
4 
U a 
d 
aJ 
& 

C a 
aJ 
E 
6 
0 
k 

W 

aJ 
d 
M 

2 
C 
0 
4 
U a 
4 
? 
aJ 
7) 



I 
PERKIN-ELMER 1 .  

1 
I 
I 
1 
I 
1 
I 
1 
I 
I 
I 
I 
I 
I 
0 
I 
I 

SECTION I11 

COARSE ACQUISITION SUBSYSTEM 

Report  No. 8631 

3.1 INTRODUCTION 

The c o a r s e  a c q u i s i t i o n  subsystem has  t h e  f u n c t i o n  of d e t e c t i n g  a 

beacon image when it f a l l s  w i t h i n  t h e  1-degree (nominal) c o a r s e  a c q u i s i t i o n  

f i e l d  and of  spec i fy ing  whether i t  is  up, down, l e f t  o r  r i g h t  of c e n t e r  where 

t h e  f i n e  guidance f i e l d  i s  located.  (See, f o r  example, F igu re  1-1.) The most 

d i r e c t  way of sens ing  image l o c a t i o n  i s  t o  d i v i d e  t h e  image p l ane  o p t i c a l l y  

i n t o  f o u r  d i s t i n c t  s e c t o r s  f o r  subsequent p h o t o e l e c t r i c  processing.  I n  

c a r r y i n g  o u t  t h i s  process ing ,  it i s  d e s i r a b l e  t h a t  moving p a r t s ,  such a s  

choppers ,  be avoided and t h a t  a minimum number of d e t e c t o r s  b e  employed. 

Also, because photocathodes a r e  usua l ly  not  very  uniform s p a t i a l l y ,  i t  i s  

d e s i r a b l e  t o  provide  condensing o p t i c s  such a s  f i e l d  lenses t h a t  f i x  t h e  d i s -  

t r i b u t i o n s  of l i g h t  f a l l i n g  on t h e  d e t e c t o r s .  

Based on t h e s e  cons ide ra t ions ,  a c o a r s e  a c q u i s i t i o n  was developed 

and inco rpora t ed  i n t o  t h e  l a s e r  t e l e scope  breadboard. 

work i s  g iven  i n  t h e  p r e s e n t  sec t ion .  

A d e s c r i p t i o n  o f  t h i s  

The subsystem employs a novel  o p t i c a l  element t h a t  a c t s  as a 

combination f i e l d  s p l i t t e r  and f i e l d  lens .  

four-quadrant  m u l t i p l i e r  phototube, which func t ions  wi th  t h e  a i d  of  s i m p l e  

T h i s  element i s  followed by a 

swi t ch ing  e l e c t r o n i c s  a s  four  d i s t i n c t  p h o t o m u l t i p l i e r s  w i t h i n  a s i n g l e  

rugged envelope. 

3-1 
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T h i s  is  a new approach and was chosen over  t h e  use  o f  f i b e r  o p t i c s  

* 
previous ly  suggested i n  r e f e r e n c e  1 

(1) t o  t a k e  advantage o f  t h e  i n h e r e n t  s i m p l i c i t y  and r e l i a b i l i t y  of t h e  

r e c e n t l y  developed quadrant  m u l t i p l i e r  phototube (or  equ iva len t  d e t e c t o r  

approaches) and (2)  t o  of  f e r  improved l i g h t  t r ansmiss ion  a s  compared wi th  

f i b e r  o p t i c s .  

mainly because t h e  new des ign  i s  a b l e  

3 . 2  OPTICAL APPROACH 

The des ign  approach of t h e  c o a r s e  a c q u i s i t i o n  subsystem r e l i e s  on 

,\ t h e  i n h e r e n t  s i m p l i c i t y  (once f a b r i c a t e d )  of an o p t i c a l  image s p l i t t i n g  element? 

and i s  i l l u s t r a t e d  i n  F igu re  3-1. A f o l d i n g  f l a t  b r i n g s  t h e  image p lane  of t h e  

c o a r s e  a c q u i s i t i o n  f i e l d  t o  t h e  p o s i t i o n  shown and t r a n s m i t s  t h e  f i n e  guidance 

f i e l d  through a c e n t r a l  e l l i p t i c a l  a p e r t u r e .  A s p e c i a l  f i e l d  l e n s  i s  l o c a t e d  

a t  t h e  c o a r s e  a c q u i s i t i o n  image plane.  It serves t o  image t h e  en t r ance  p u p i l  

of t h e  te lescope  - i n  t h i s  ca se ,  t h e  per iphery  of t h e  primary mi r ro r  - onto  t h e  

p lane  where t h e  de tec tor  i s  loca ted .  The second s u r f a c e  of t h e  f i e l d  l e n s  i s  

pyramid-shaped which r e s u l t s  i n  f o u r  s e p a r a t e  images of t h e  t e l e s c o p e ' s  en t r ance  

p u p i l  be ing  formed i n  t h e  d e t e c t o r  plane.  Each image corresponds t o  one quadrant  

of t h e  c o a r s e  a c q u i s i t i o n  f i e l d .  A p r e d e t e c t i o n  s p i k e  f i l t e r  s u b s t r a t e  precedes 

t h e  f i e l d  lens  where t h e  i n c i d e n t  f / 1 5  cone angle  i s  approximately 4 degrees  

(2-degree semi-angle). 

The f i e l d  s p l i t t e r l f i e l d  l e n s  i s  f a b r i c a t e d  from a s p e c i a l  g l a s s  

type  t h a t  has an index of r e f r a c t i o n  of n e a r l y  2 (Schot t  SFS-1). T h i s  enables  

a very  s h o r t  f o c a l  length  t o  b e  achieved wi thout  having a s t e e p  l e n s  curva ture .  

It a l s o  h a s  t h e  advantage t h a t  a s i n g l e  a n t i r e f l e c t i o n  c o a t i n g  o f  MgF (index of 

n e a r l y  J 2 )  r e s u l t s  i n  n e g l i g i b l e  r e f l e c t i o n  l o s s e s  a t  each a i r - g l a s s  s u r f a c e .  

* 2. s., page 1-1. 
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A view of t h e  pyramidal s u r f a c e  of  t h e  f i e l d  s p l i t t e r  i s  shown i n  

F igu re  3 - 2 .  

a d i s t a n t  photoflood lamp by t h e  f i e l d  s p l i t t e r ,  whi le  F i g u r e  3 - 4  i l l u s t r a t e s  

t h e  appearance o f  a s i n g l e  penny viewed through t h e  f i e l d  s p l i t t e r .  

F igu re  3-3 i l l u s t r a t e s  t h e  formation of f o u r  d i s t i n c t  images of  

A l l  o p t i c a l  components of t h e  c o a r s e  a c q u i s i t i o n  subsystem f i t  i n t o  

a housing t h a t  a t t a c h e s  d i r e c t l y  t o  t h e  main t e l e s c o p e  s t r u c t u r e .  Th i s  housing 

compactly supports  t h e  e n t i r e  subsystem and may b e  s e e n  i n  F i g u r e  1-2 .  

A f u n c t i o n a l  check of t h e  o p t i c a l  components of  t h e  c o a r s e  

a c q u i s i t i o n  subsystem was c a r r i e d  o u t  and i t  was determined t h a t  t h e  s p e c i a l  

f i e l d  s p l i t t e r  f u n c t i o n s  s u b s t a n t i a l l y  a s  expected.  It indeed causes  t h e  image 

p l ane  of t h e  coa r se  1-degree (nominal) f i e l d  t o  be s p l i t  i n t o  f o u r  segments. 

When t h e  beacon image f a l l s  anywhere w i t h i n  a given quadrant ,  a s t a t i o n a r y  

c i r c u l a r  patch i n  t h e  p l ane  o f  t h e  respective d e t e c t o r  quadrant  becomes 

uniformly i l l umina ted .  

3 . 3  DETECTOR APPROACH 

I 
I 
I 
I 

The o p t i c a l  des ign  of t h e  c o a r s e  a c q u i s i t i o n  subsystem makes i t  

n a t u r a l  t o  cons ide r  u s ing  a quadrant m u l t i p l i e r  phototube ( Q M P ) ,  such a s  EMR 

type  573-E, as t h e  d e t e c t o r  f o r  t h e  subsystem. Th i s  i s  because f i e l d  s p l i t t i n g  

i s  c a r r i e d  ou t  by an  o p t i c a l  element preceding t h e  QMP, which e l i m i n a t e s  any 

s i g n a l  l o s s  t h a t  o the rwise  would be a s s o c i a t e d  w i t h  t h e  "dead" r eg ions  between 

* t h e  photocathode quadrants .  (See, f o r  example, Table  3 - 2  o f  Reference 1, p .  3 - 2 1 . )  

Furthermore, as an added ref inement ,  i t  i s  p o s s i b l e  t o  combine two such d e t e c t o r s  

w i th  a beamsp l i t t e r  i n  o r d e r  t o  have a f u l l y  redundant d e t e c t o r  conf igu ra t ion .  

*a. G., page 1-1. 
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Figure 3-2. View of Field Splitter in its Cell 
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F i g u r e  3 - 4 .  A S i n g l e  Penny Viewed Through t h e  F i e l d  S p l i t t e r  I 
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A p ro to type  EMR t ype  573 E-01-14 quadrant  m u l t i p l i e r  phototube was 

loaned t o  us  by t h e  manufacturer f o r  e v a l u a t i o n  purposes,  and i t  was success -  

f u l l y  incorporated i n t o  t h e  breadboard. The c h a r a c t e r i s t i c s  of t h i s  t ube  a r e  

summarized i n  Table  3-1. 

TABLE 3-1. MANUFACTURER'S DATA FOR TYPE 5733-01-14 QUADRANT 
MULTIPLIER PHOTOTUBE SERIAL NO. D-7637 

S p e c t r a l  response 

Average luminous s e n s i t i v i t y  

Quantum e f f i c i e n c y  (%) 
a t  4100A 

Amplif icat ion 

Leakage between quadran t s  

s-20 

156 microamperes/ lumen 

Quadrant 1: 19.4 
Quadrant 2: 15.6 
Quadrant 3: 17.5 
Quadrant 4: 20.8 

5 
-11 10  a t  1910 v o l t s ;  

10 a t  2490 v o l t s ;  

10 a t  3280 v o l t s ;  

dark c u r r e n t  4 x 10 amperes 

dark c u r r e n t  5 x 10 amperes 

6 
- 10 

7 
-9 

da rk  cGrrent  3.7 x 10 amperes 

< 1 0 - l ~  amperes 

Average 60 S i g n a l  r a t i o  from "on" t o  
' 'off" cathode when l i g h t  i s  
on "on" cathode ( c u r r e n t  
ampl i f i ca t ion  of 106) 
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(Ord ina r i ly ,  quoted de l ive ry  on d e t e c t o r s  of  t h i s  t ype  i s  a b u t  

f o u r  months a f t e r  r ece ip t  of o rde r  and they a r e  expensive.  These reasons 

would have precluded purchase of a QMP f o r  t h e  breadboard experiments.  An 

a l t e r n a t i v e  approach would have been t o  u s e  a c l u s t e r  o f  f o u r  small-diameter 

p h o t o m u l t i p l i e r s  and t o  a r r ange  t o  switch them s e q u e n t i a l l y .  This  would have 

s imula ted  t h e  use  of t h e  four-quadrant dev ice  a t  c o n s i d e r a b l e  savings i n  t i m e  

and funds.)  

The quadrant m u l t i p l i e r  phototube c o n s i s t s  o f  f o u r  e l e c t r i c a l l y  

independent cathode quadrants  followed by a common e l e c t r o d e  c h a i n  c o n s i s t i n g  

of a b i a s  e l e c t r o d e ,  a focus e lec t rode ,  and 14 dynode stages.  A given  

quadrant  i s  "on" when i t  i s  a t  t h e  same p o t e n t i a l  a s  t h e  b i a s  e l e c t r o d e .  The 

"off1' c o n d i t i o n  i s  achieved by b i a s i n g  a quadrant  approximately 20 v o l t s  

p o s i t i v e  wi th  r e s p e c t  t o  t h e  b i a s  e l ec t rode .  

S p e c i a l  QMP switching c i r c u i t r y  was developed f o r  t h e  c o a r s e  ac- 

q u i s i t i o n  subsystem, which b i a s e s  two ad jacen t  quadran t s  on, and ho lds  t h e  

o p p o s i t e  h a l f  of t h e  photocathode o f f .  Every q u a r t e r  cyc le ,  t h i s  half-on,  

h a l f - o f f  photocathode conf igu ra t ion  i s  r o t a t e d  by 90 degrees .  The e f f e c t  i s  

much a s  i f  a s e m i c i r c u l a r  chopping wheel were r o t a t e d  i n  f r o n t  of f o u r  s e p a r a t e  

pho tomul t ip l i e r s ,  each of  which senses  one quadrant  of t h e  c o a r s e  a c q u i s i t i o n  

f i e l d .  It i s  r e a d i l y  e s t a b l i s h e d  t h a t ,  w i t h  r e f e r e n c e  t o  t h e  chopping c y c l e ,  

t h e  in-phase and quadra tu re  s i g n a l s  a t  t h e  ou tpu t  of  t h e  d e t e c t o r  i n d i c a t e  un- 

ambiguously t h e  presence of t h e  beacon i n  t h e  r e s p e c t i v e  quadrant  of the c o a r s e  

a c q u i s i t i o n  f i e l d .  

3 -9 



PERK1 N-ELM ER Report No. 8631 

T h e  schematic of t h e  swi t ch ing  c i r c u i t r y  i s  shown i n  F igu re  3-5 

and provides  square-wave c o n t r o l s i g n a l s  t o  swi t ch  t h e  f o u r  cathode quadran t s  

s e q u e n t i a l l y  a s  r equ i r ed .  F l i p - f l o p  FF-1 changes s t a t e  upon a t r i g g e r  i n p u t  

t r a n s i t i o n  from a s i l i c o n  c o n t r o l  switch (SCS) o s c i l l a t o r .  The complementary 

o u t p u t s  of FF-1 a r e  d i r e c t l y  coupled t o  a p a i r  of f l i p - f l o p s ,  FF-2 and FF-3. 

I n  o r d e r  t o  avoid phase ambiguity, a proper reset  i s  provided between t h e  two 

f l i p - f l o p s  s o  t h a t  t h e  s t a t e  of  one c o n t r o l s  t h e  s t a t e  of t h e  o t h e r .  The photo- 

g raph ic  waveforms of t h e  f o u r  ou tpu t s  a re  shown i n  F i g u r e  3-6. 

Four t r a n s i s t o r s  w i th  common emitter c o n f i g u r a t i o n  a r e  connected 

between each cathode of t h e  m u l t i p l i e r  phototube and t h e  b i a s  e l e c t r o d e  (ground). 

The t r a n s i s t o r s  a r e  switched t o  e i t h e r  t h e  high-impedance c u t o f f  o r  t h e  l o w -  

impedance s a t u r a t i o n  s t a t e  by applying square-wave b i a s i n g  s i g n a l s  t o  t h e  

corresponding bases .  

a t i o n  shown i s  extremely low when t h e  g a t e  t o  anode i s  ze ro ,  and it i s  p o s s i b l e  

The anode c u r r e n t  of  t h e  SCS w i t h  t h e  c i r c u i t  con f igu r -  

t o  produce very long d u r a t i o n  t r i g g e r  p u l s e s  w i t h  sma l l  t iming c a p a c i t o r s .  

t i m e  d u r a t i o n  o f  o s c i l l a t i o n  can be approximated from s o l v i n g  t h e  fol lowing 

equa t ion :  

V1 (1 - exp ( - t / R C ) )  -I- 0.67 exp ( - t / R C )  = VI ( 
+ 4 1 2 

The 

0 . 6 7  

S u b s t i t u t i n g  t y p i c a l  v a l u e s ,  V = 3 . 6  v o l t s ,  R = 18 K, and R = 10 K, w e  

o b t a i n  t = 0.58 RC. 

1 1 2 

The a c t u a l  swi t ch ing  e l e c t r o n i c s  f o r  t h e  QMP a r e  i l l u s t r a t e d  f u l l  

s c a l e  i n  Figure 3-7 .  Three m i c r o c i r c u i t  f l i p - f l o p s  a r e  u t i l i z e d ,  and a r e  

s i t u a t e d  a s  shown i n  t h e  lower l e f t -hand  a r e a  o f  t h e  c i r c u i t  board. Front  
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F i g u r e  3-6. Comparison o f  Four  C o n t r o l  Waveforms 
/-- a t  s ,  ~B , .&, and (E’, from T O ~  t c  

Bottom 

F i g u r e  3 - 7 .  F u l l  S c a l e  Photograph  of  t h e  Swi t ch ing  E l e c t r o n i c s  
f o r  t h e  Quadrant  M u l t i p l i e r  Pho to tube  
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and r e a r  views of  t h e  QMP with  t h e  e l e c t r o n i c s  board a r e  shown i n  F igures  

3-8 and 3-9, r e s p e c t i v e l y .  The complete d e t e c t o r  assembly i s  i l l u s t r a t e d  i n  

F i g u r e  3-10. 

3.4 RESULTS 

3 .4 .1  Q M P  Performance 

The coa r se  a c q u i s i t i o n  subsystem was inco rpora t ed  i n t o  t h e  bread- 

board which, by means of  a t es t  co l l ima to r  and a movable l i g h t  source ,  was 

a r ranged  t o  receive s imula ted  beacon l i g h t  over  v a r i o u s  f i e l d  angles .  With 

beacon l i g h t  p re sen t  on one of t h e  quadrants  of t h e  Q M P ,  it was found t h a t  t h e  

r a t i o  o f  t h e  "on" s i g n a l  t o  t h e  ' 'off" s i g n a l  a t  t h e  anode of  t h e  QMP was 

t y p i c a l l y  1411, without  t a k i n g  any s p e c i a l  p recau t ions  t o  prevent  s c a t t e r e d  

l i g h t  from reaching  t h e  o t h e r  quadrants .  

h i g h e r  v a l u e s  can r e a d i l y  be  achieved i f  b e t t e r  i s o l a t i o n  i s  necessary.  

According t o  d a t a  provided by EMR, 

F igu re  3-11 i l l u s t r a t e s  one c y c l e  o f  t h e  QMP anode s i g n a l  f o r  

beacon l i g h t  (chopped a t  150 HZ) e n t e r i n g  t h e  l a s e r  t e l e s c o p e  and f a l l i n g  

only on quadrant  des igna ted  number 4 .  S i m i l a r l y ,  F igure  3-12 i l l u s t r a t e s  beacon 

l i g h t  f a l l i n g  only  on quadrant  1. Figure  3-13 i l l u s t r a t e s  an in t e rmed ia t e  s i t u a -  

t i o n  r e s u l t i n g  from t h e  beacon image be ing  i n c i d e n t  on t h e  i n t e r s e c t i o n  of two 

p lanes  of  t h e  o p t i c a l  f i e l d  s p l i t t e r  and f a l l i n g  both on quadrants  4 and 1. 

The swi tch ing  r a t e  was v a r i e d  from approximately 10 Hz t o  1 Hz. It 

was found t h a t ,  wi th  square  switching pu l ses ,  two of  t h e  f o u r  quadrants  had a 

s low turn-on time, t h e  s lowes t  being on t h e  o rde r  of  0.1 second. Presumably, 

t h i s  unexpected c h a r a c t e r i s t i c  was due t o  a poor cathode connec t ion  of unusual ly  
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F igure  3-8. F r o n t  V i e w  o f  t h e  Quadran t  M u l t i p l i e r  Photo tube  

I-: .h 

Figure  3-9. Rear V i e w  o f  t h e  Quadran t  M u l t i p l i e r  Photo tube  
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Figure 3-10. Photograph of Complete Coarse Acquisition Detector Assembly 
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F i g u r e  3-11. QMP Anode S i g n a l  f o r  Beacon L i g h t  E n t e r i n g  t h e  L a s e r  Te le scope  
and F a l l i n g  Only on Quadrant 4 .  V e r t i c a l  s c a l e  2.4v/cm; 
h o r i z o n t a l  s c a l e  0.08 sec/cm. Beacon chopped a t  150Hz. The 
i n t e r m e d i a t e  change i n  s i g n a l  l e v e l  i s  e v i d e n t l y  t h e  r e s u l t  
o f  h a v i n g  d i f f e r e n t  q u a d r a n t  p a i r s  "on." 

F i g u r e  3-12. QMP Anode S i g n a l  f o r  Beacon L i g h t  E n t e r i n g  t h e  L a s e r  Te le scope  
and F a l l i n g  o n l y  on Q u a d r a n t  1. C o n d i t i o n s  o t h e r w i s e  as  i n  
F i g u r e  3-11. 
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F i g u r e  3-13. QMP Anode S i g n a l  f o r  Beacon L i g h t  S p l i t  Unequal ly  
Between Quadran t s  4 and 1. C o n d i t i o n s  of  Photograph  
as  i n  F i g u r e s  3-11 and 3-12. 
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h igh  r e s i s t a n c e .  According t o  EMR, who provided t h i s  p ro to type  t u b e  f o r  

e v a l u a t i o n  purposes, cathode turn-on t i m e  is  not  o r d i n a r i l y  a problem. Indeed, 

o t h e r  QMP's of t h i s  type  have been used w i t h  swi t ch ing  rates exceeding 1 KHz. 

I n  o t h e r  r e s p e c t s ,  such a s  photocathode s e n s i t i v i t y ,  photocathode 

un i fo rmi ty ,  and anode dark c u r r e n t ,  t h e  EMR dev ice  i s  comparable t o  convent iona l  

h igh  q u a l i t y  pho tomul t ip l i e r s  having an S-20 response.  However, i t s  use  i n  t h e  

c o a r s e  a c q u i s i t i o n  subsystem i s  c h a r a c t e r i z e d  a s  fo l lows :  t h e  QMP a c t s  a s  f o u r  

photomulti .plier t ubes  i n  a s i n g l e  envelope, which makes f o r  a compact package; 

and, because chopping i s  c a r r i e d  ou t  e l e c t r o n i c a l l y ,  no moving p a r t s  are 

r e q u i r e d  i n  the  subsystem. 

3 .4 .2  Dependence of  Acqu i s i t i on  and Tracking S i g n a l s  on Beacon Angle 

The ou tpu t s  of t h e  c o a r s e  a c q u i s i t i o n  and f i n e  guidance subsystems 

were measured as  a f u n c t i o n  of  beacon p o s i t i o n  i n  t h e  f i e l d  of  view of  t h e  l a s e r  

t e l e s c o p e  breadboard. The t e s t  s e t u p  was as  shown i n  F i g u r e  3-14, with t h e  

microscope l i g h t  sou rce  assembly mounted on a p r e c i s i o n  two-axis s t a g e  

shown i n  Figure 3-15. T h i s  arrangement p e r m i t t e d  moving t h e  s imula t ed  beacon 

source t o  va r ious  a c c u r a t e l y  l o c a t e d  p o s i t i o n s  covering more t h a n  t h e  nominal 

1-degree f i e l d  o f  view o f  the breadboard. 

The ou tpu t s  of t h e  c o a r s e  a c q u i s i t i o n  and f i n e  guidance subsystems 

a r e  shown i n  Figure 3-16 a s  a f u n c t i o n  of  t h e  d i r e c t i o n  of t h e  beacon. The 

v e r t i c a l  s c a l e  i s  normalized w i t h  r e s p e c t  t o  t h e  maximum s i g n a l  from each 

subsystem, r e s p e c t i v e l y .  The h o r i z o n t a l  s c a l e  denotes  t h e  p o s i t i o n  of  t h e  

beacon r e l a t i v e  t o  t h e  nominal a x i s  of t h e  laser  t e l e s c o p e .  Th i s  p l o t  shows 

3-18 
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F i g u r e  3-15. Photograph of t h e  Microscope L i g h t  Source  Assembly 
Mounted on a P r e c i s i o n  Two-axis S t a g e  
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t h a t  t h e  f i n e  guidance f i e l d  i s  completely unvignet ted  ove r  somewhat more 

t h a n  t h e  design v a l u e  of  2 arc-minutes.  

Between t h e  r eg ions  of  c o a r s e  and f i n e  f i e l d  d e t e c t o r  maxima, 

I 
I 
I 
I 

l i e s  D 
a sma l l  i n t e rmed ia t e  annulus where t h e  o p t i c a l  system f a i l s  t o  throw a l l  o f  

t h e  beacon l i g h t  i n t o  one r e g i o n  o r  t h e  o t h e r .  

i n  t h e  fo ld ing  f l a t  (Figure 3-1) i s  e v i d e n t l y  s l i g h t l y  t o o  l a r g e ,  and may b e  

reduced t o  inc rease  t h e  e f f i c i e n c y  i n  t h i s  annulus.  

The d iameter  of t h e  p e r f o r a t i o n  

T h e  s i g n a l  from t h e  c o a r s e  a c q u i s i t i o n  subsystem d e t e c t o r  shows 

t h a t  beacon l i g h t  i s  e s s e n t i a l l y  unvignet ted  by t h e  l a s e r  t e l e s c o p e  between 

t h e  semi - f i e ld  ang le s  of 26.6 arc-minutes and 2 arc-minutes.  

The  diameter  of t h e  c l e a r  a p e r t u r e  of t h e  c o a r s e  a c q u i s i t i o n  

o p t i c a l  assembly i s  4 inches. For t h e  240-inch e f f e c t i v e  f o c a l  l e n g t h  of 

t h e  t e l e scope ,  t h i s  corresponds t o  a maximum semi- f ie ld-angle  of 28.6 a r c -  

minutes with some v i g n e t t i n g  expected a t  t h e  edge of  t h e  f i e l d .  The o p t i c a l  

performance of  t h e  coa r se  a c q u i s i t i o n  subsystem i s ,  t h e r e f o r e ,  nominally a s  

expected. 
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SECTION IV 

ACQUISITION AND TRACK SIMULATION 

With continuing development of techniques for deep-space optical 

communications, it has been increasingly important to study ways of simulating 

beacon acquisition and precision beam pointing operations under conditions that 

realistically simulate space operation. Experiments were, therefore, conducted 

with the laser telescope to demonstrate visually the essentials of these opera- 

tions and to point the way for subsequent, more detailed simulation experiments. 

The breadboard was set up with the collimator and precision beacon 

source previously illustrated in Figure 3-14. This arrangement displays a 

greatly magnified image of the far-field pattern of the transmitted He-Ne laser 

beam. Visual comparison of this image, when the system is tracking the beacon 

and when it is not, gives a direct evaluation of the tracking scheme. 

Typical room vibrations and pressure applied to the laser telescope optical 

bench were seen to cause fluctuations of up to several arc-seconds in 

the telescope's line of sight unless the transfer lens servo was switched 

t o  the track mode. Initially, the setup was shown to work without taking 

precautions to eliminate excessive vibration and air turbulence, but the 

imagery was unsatisfactory, Steps were therefore taken to improve the optical 

alignment of the system and to isolate the system from the major disturbances. 

Also, in these early experiments, a cathode r a y  tube (CRT) was substituted for 

the tungsten Source illustrated in Figure 3-14. It was shown that the laser telescope 
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was capable of tracking a moving spot on the face of the CRT. This established 

that future simulation experiments can be carried out with a suitably designed 

flying spot scanner as the simulated beacon source. 

The next step in the simulation experiments was to lengthen the 

laboratory housing the Laser/Optics Techniques project by more than 8 feet to 

permit greater spacing between the laser telescope and the test collimator. 

At the same time, new vibration-isolated support stands were constructed for 

the collimator and its associated diagonal mirror and light source optics. The 

complete system was then carefully realigned. It was again possible to project a 

greatly magnified diffraction pattern of  the laser telescope directly on the 

wall by means of the arrangement shown in Figure 3-14. During brief periods, 

when the air in the laboratory was still, the pattern resembled a classical 

Airy pattern. The position of this pattern was observed to be stabilized within 

a fraction of the diameter of the central ring when the system was switched to 

the beacon track mode. However, air turbulence prevented diffraction-limited 

imagery except on a transient basis. 

To improve this situation (which is nevertheless capable of demon- 

strating fractional arc-second tracking accuracies), we arranged t o  completely 

enclose and seal the wide aperture optical paths by means of aluminum housings 

and ducts. These enclosures were heavily insulated on the outside, and were 

intended to act as an isothermal enclosure of good interior heat conductivity 

to stabilize the air in the light paths. Although somewhat astigmatic, 

possibly because of stratification of air in the enclosure, it was observed 

that the shape of the image was now stable. To compensate for the astigmatism, 

a plane-parallel window was inserted in the optical path between the microscope 
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and the enclosure window and was tilted until a symmetrical image resulted. 

With the imagery thus corrected, the diffraction pattern then resembled a 

classical Airy pattern and its shape was stable for long periods of time. 

Tracking and pointing functions of the breadboard were demonstrated 

with the aid of a globe of the earth mounted adjacent to the wall on which the 

image was projected. The geometry of the setup was such that the diameters of 

the globe and the projected image were scaled to the geometry that would result 

from an earth-spacecraft range of 10 miles (i.e., the globe subtended an angle 8 

of approximately 15 arc-seconds as seen by the laser telescope). 

of the simulated beacon was made to correspond with a given point on the globe. 

The demonstration consisted of ,  first, mispointing the laser telescope by some 

tens of  seconds of arc so that the projected image missed the globe by several 

"earth" diameters. Then, the breadboard was switched to track. The image would 

immediately acquire and track the beacon. As a result, the image appeared t o  

swing to an appropriate spot on the globe where it would stay locked to within 

a fraction of its diameter, even in the presence of pointing disturbances 

introduced into the laser telescope. 

The position 

Figure 4-1 shows a 30-second time-exposure photograph of the pro- 

jected image on the globe. The low light levels in this experiment were not 

completely satisfactory for taking photographs in this way. Although the 

essential features of the image may be seen in Figure 4-1, the actual visual 

appearance of a classical Airy pattern, the position of which is stabilized in 

practice to within a fraction of its diameter, is not conveyed by this still 

photograph. 
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,.,..,... t :  

F i g u r e  4-1. The F a r - f i e l d  (Airy)  P a t t e r n  of  t h e  L a s e r  Te le scope  
P r o j e c t e d  on a Globe o f  t h e  E a r t h  a s  i f  From a D i s t a n c e  
of 108 Miles Away 
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In addition, the functions of the transmit beam offset subsystem 

could be readily demonstrated. While the system was tracking, the projected 

image was repositioned remotely away from the line of sight so as to make it 

fall with diffraction-limited precision on various points on the globe. Compen- 

sation for vehicle roll was then illustrated by. causing the image to rotate 

about the zero offset line of sight. 
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SECTION V 

DISCUS SI ON 

Except ional ly  narrow beamwidths a r e  a t t a i n a b l e  with l a s e r  sources  

and d i f f r a c t i o n - l i m i t e d  o p t i c s .  T h i s  f a c t  accounts f o r  t h e  g r e a t  promise of 

l a s e r  systems t o  complement conventional microwave systems and achieve wide 

bandwidth communications a c r o s s  extreme d i s t a n c e s .  I t  a l s o  accounts  f o r  t he  

major d i f f i c u l t i e s  commonly thought t o  l i e  between promise and p r a c t i c e .  A f t e r  

a l l ,  narrow beamwidths w i l l  h i t  t h e i r  mark only wi th  correspondingly a c c u r a t e  

techniques f o r  t a r g e t  a c q u i s i t i o n  and t r a c k i n g  and f o r  l a s e r  beam p o i n t i n g .  

A previous report* desc r ibes  the development of some key hardware 

needed t o  overcome these  d i f f i c u l t i e s .  I n  the  course of t h i s  e a r l i e r  work, a 

s t a r t  w a s  made on the breadboarding of a l l  the e s s e n t i a l  p a r t s  of t he  deep- 

space o p t i c a l  communications system. 

The breadboard employs a 16-inch a p e r t u r e  t e l e scope  and i s  capable  

of t r a c k i n g  a laser beacon and point ing a t r a n s m i t t e d  beam t o  w i t h i n  a f r a c t i o n  

of i t s  fundamental 0.4-arc-second d i f f r a c t i o n  sp read .  An o p t i c a l  duplex system 

c o n f i g u r a t i o n  i s  used. 

r e c e i v e  channels i s  achieved by means of s p e c i a l  d i e l e c t r i c  m u l t i l a y e r  t echn iques .  

A s e r v o - c o n t r o l l e d  t r a n s f e r  l e n s  i s  i nco rpora t ed  i n  a way t h a t  p e r m i t s  d i f f r a c t i o n -  

l i m i t e d  t r ack ing  of a d i s t a n t  beacon over a 2-arc-minute diameter f i n e  guidance 

f i e l d .  

I s o l a t i o n  of more than  115 db between t r ansmi t  and 

* 9. Kt., Page 1-1. 
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T h i s  e a r l i e r  work was supplemented during t h e  p e r i o d  from 29 A p r i l  I 
B 
1 
1 
I 

1966 t o  31 December 1966, by the  development of a d d i t i o n a l  key hardware which 

i s  now incorporated i n t o  the  breadboard t o  form a more n e a r l y  complete system. 

The p r e s e n t  r e p o r t  d e s c r i b e s  t h i s  r e c e n t  work. I n  p a r t i c u l a r ,  two new sub- 

systems are descr ibed,  a coarse  a c q u i s i t i o n  subsystem ( f o r  w i d e - f i e l d  beacon 

a c q u i s i t i o n )  and a t r ansmi t  beam o f f s e t  subsystem ( f o r  t r a n s m i t t e r  "point  

ahead" and s p a c e c r a f t  r o l l  compensation). 

I n  a d d i t i o n  p re l imina ry  experiments were r e c e n t l y  c a r r i e d  o u t  

with the  breadboard t o  demonstrate v i s u a l l y  i t s  f r a c t i o n a l  arc-second beacon 

t r ack ing  and beam p o i n t i n g  accuracy under cond i t ions  t h a t  s imula t e  those under 

which the  system would ope ra t e  i n  deep space .  

t he  f a r - f i e l d  (Airy) p a t t e r n  of t h e  laser  t e l e s c o p e  w a s  p r o j e c t e d  on a simu- 

l a t e d  e a r t h  as i f  from a d i s t a n c e  of approximately 10 mi l e s  away. The laser 

t e l e scope  was arranged t o  t r a c k  a source t h a t  s imula t e s  a beacon on the  e a r t h ' s  

s u r f a c e .  It was determined from v i s u a l  obse rva t ions  t h a t  t he  Airy p a t t e r n  on 

the  globe w a s  s t a t i o n a r y  t o  w i t h i n  a f r a c t i o n  of t he  diameter of i t s  c e n t r a l  

core,  which corresponds t o  an  angu la r  accuracy on t h e  o rde r  of 1/10 arc-second.  

This t r a c k i n g  accuracy i s  maintained by t h e  t r a n s f e r - l e n s  s e r v o  i n  the presence 

of manually introduced po in t ing  e r r o r s  ( w i t h i n  t h e  s e r v o  bandwidth) t h a t  would 

amount t o  tens of arc-seconds open loop. 

As  d i scussed  i n  S e c t i o n  I V ,  
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